The structure of hypoeutectic, hypereutectic, and eutectic Ti-Fe alloys produced in the shape of arc-melted ingots was found to consist of the ordered Pm-3m TiFe and disordered BCC Im3m ␤-Ti solid solution phase. The dimensions of the ingots were about 25-40 mm in diameter and 10-15 mm in height, and their structure was studied by x-ray diffractometry and scanning electron microscopy. The rectangular parallelepiped-shaped samples 2.5 × 2.5 × 5 mm in size cut from the central part of the ingots exhibit a high strength of about 2000 MPa, except for Ti 60 Fe 40 , and a certain ductility. The relatively low density of Ti (4.5 Mg/m 3 ) implies high strength/density ratio for the studied alloys. These alloys are characterized by the low cost of the alloying element Fe and, compared to most of the high-strength non-equilibrium materials, do not require additional injection mold casting or rapid solidification procedures.
I. INTRODUCTION
Typical commercial structural Ti-based alloys have an ultimate tensile strength slightly exceeding 1000 MPa and show plastic elongation of 10-15 % to failure. 1 However, Ti alloys exhibit capability for further strengthening. For example, rapid solidification or fast cooling using mold casting allow Ti-based bulk glassy alloys to be produced 2, 3 with high tensile strength, for example 1800 MPa in the case of the Ti 50 Ni 25 Cu 25 alloy (alloys' compositions are given in atomic percents). 4 Even higher tensile strength of 2200 MPa is obtained for the Ti 50 Ni 20 Cu 23 Sn 7 bulk glassy alloy as a result of Sn addition. 5 One should also mention relatively high corrosion resistance of Ti and its alloys at room temperature. 6 The relatively low density of the main alloying element Ti (4.5 Mg/m 3 ) implies higher strength/density ratio compared to Fe-or Zr-based bulk amorphous alloys.
However, small critical size of the Ti-based bulk glassy alloys 4, 7 attained so far and low ductility restrict their applications.
Recently, it also has been shown that a 3-mm-diameter cylindrical rod of cast Ti 60 Cu 14 Ni 12 Sn 4 Nb 10 alloy consisting of micron-sized ␤-Ti dendrites exhibits high ultimate compressive strength of 2.4 GPa and 14.5 % plastic strain to failure. 8 Nb acts as a body-centered-cubic (bcc) Im3m ␤-Ti stabilizer. This phase exhibits better ductility than hexagonal close-packed (hcp) ␣-Ti. The bcc ␤-Zr phase is also known to be useful for ductilization of bulk glassy alloys. 9 However, one can notice that all 3-d transition metals, except for Sc, are also bcc Im3m ␤-Ti stabilizers.
It is known that some commercial Ti-based alloys like Ti-10 wt%V-2 wt% Fe-3 wt%Al, 10 for example, contain a small amount of Fe, but Fe quantity is relatively low.
In the present work we investigate the Ti-Fe alloys having large 25-40 at.% Fe content. These alloys exhibiting good mechanical properties are obtained after premelting in an arc-furnace. We also show that high strength Ti-based alloys exhibiting good ductility do not require rapid solidification procedure (for example, Cumold casting). (Fig. 1) were prepared by arc-melting the mixture of 99.7 mass% purity Ti and 99.9 mass% purity Fe in an argon atmosphere purified with Ti getter. The ingots were turned and re-melted 4 times to ensure compositional homogeneity. After arc-melting, the cooling rate was in the order of 10 K/s. The structure of the central part of the ingots was examined by x-ray diffractometry with monochromatic Cu K ␣ radiation and scanning electron microscopy (SEM) carried out using a microscope operating at 20 kV equipped with an energy dispersive x-ray spectrometer (EDX). Room-temperature mechanical properties were measured at 298 K with an Instron-type testing machine at a strain rate of 5 × 10 −4 s −1 . The sample for mechanical testing cut from the central part of the as-cast ingot was a 5-mm-long rectangular parallelepiped with 2.5 × 2.5 mm cross section. A strain-gauge was attached to the sample. Vickers hardness of the samples was measured with a Vickers microhardness tester under a load of 0.981 N (diagonal length of indentation ∼20 m) while the microhardness of TiFe primary crystals was measured under a load of 0.0981 N (diagonal length ∼5 m). The density was measured at 298 K by the Archimedean method using tetrabromoethane (CHBr 2 CHBr 2 ). Figure 2 shows the x-ray diffraction (XRD) patterns of the arc-melted ingot samples. Their microstructure consists of binary cubic ordered Pm3m TiFe phase and disordered bcc Im3m ␤-Ti solid solution. TiFe phase has a B2 CsCl-type structure in which Ti and Fe atoms occupy mechanical properties of the studied alloys are summarized in Table I , where E represents Young's modulus, UCS is ultimate compressive strength, 0.2 is yield strength, and is plastic strain in percents. Ti 60 Fe 40 showed the lowest strength and ductility among the studied alloys.
II. EXPERIMENTAL PROCEDURE

III. RESULTS
It should be mentioned that the density of the 
IV. DISCUSSION
The observed structure consisting of ␤-Ti and TiFe phase is nonequilibrium as ␤-Ti should transform to ␣-Ti at room temperature. 11 However, Fe is known as ␤-Ti stabilizer. It means that Fe addition significantly lowers the temperature of ␣-Ti ↔ ␤-Ti polymorphous transformation and eutectoid ␤-Ti ↔ ␣-Ti + TiFe temperature in the phase diagram by about 200 K. It leads to stabilization of a high-temperature ␤-Ti phase as ␤-Ti → ␣-Ti or ␤-Ti → ␣-Ti + TiFe diffusive transformations become hampered at such a low temperature. For example, estimated diffusion coefficient of Fe in ␤-Ti at the eutectoid point of 868 K is about 4 orders of magnitude less than that at 1155 K. 12 Although TiFe has a CsCl structure, (100) and (111) reflections have very low relative intensities according to powder diffraction data 13 and are not detectable because Ti and Fe have close atomic numbers and x-ray atomic scattering factors.
The chemical composition of the phases shown in Table II correspond well to the data from the binary phase diagram in which a limited solid solubility of Fe in ␤-Ti is observed. 11 The TiFe phase also has a limited area of homogeneity. 11, 14 The lattice parameter of the TiFe phase (a ‫ס‬ 0.3001 nm in Ti 65 Fe 35 alloy) is slightly larger than the a ‫ס‬ 0.2976 nm 15 reported for the equiatomic composition owing to the deviation from the stochiometric composition (see Table II ). The Fe content in ␤-Ti is 23.7 at.%, which is not far from 26 at.% obtained by the lattice parameter measurement (XRD data of Fig. 2) . From the data shown in Table II , one can report that the volume fraction of both ␤-Ti and TiFe phases is close to 50% [(46.7 + 23.7)/2 ‫ס‬ 35.2], which corresponds well to the observation in Fig. 5(b) .
The formation of a hard primary TiFe intermetallic compound and a disperse eutectic consisting of TiFe and the supersaturated ␤-Ti phases results in the high strength and enhanced ductility of Ti 65 Fe 35 alloy as illustrated in Fig. 3 [14] [15] [16] [17] [18] [19] [20] Such high properties result from a high Fe content in ␤-Ti solid solution and the formation of primary TiFe compound with rounded dendritic morphology. The rounded dendritic morphology of primary TiFe compound is believed to be one of the most important factors improving ductility of the hypereutectic Ti 65 Fe 35 alloy. For example, the sample of Ti 60 Mn 40 alloy having a slightly hypereutectic structure 21 also showed high ultimate strength of 1640 MPa owing to the high Mn content in the ␤-Ti solid solution but its plastic deformation before fracture was only 0.1%. 22 The reason for such a brittle behavior is the needle-shaped morphology of the primary and eutectic TiMn crystals, which act as crack initiation sites upon deformation even though the structure is disperse.
The reason for the reduced mechanical properties of hypoeutectic Ti 75 Fe 25 alloy is a coarse granular structure of ␤-Ti solid solution. The grain size of the primary crystals of ␤-Ti solid solution reaches tens of micrometers [ Fig. 5(a) ]. The eutectic alloy has areas with inhomogeneous structure [ Fig. 5(d) ], which can be the reason for the reduced ductility, while the hypereutectic alloy shows essentially homogeneous structure throughout the sample [ Fig. 5(b) ].
Drastic degradation of the mechanical properties at higher Fe content, for example in the case of Ti 60 Fe 40 alloy, indicates importance of the right value of the volume fraction of primary TiFe crystals which reaches an optimum value of about 37.5 % for Ti 65 Fe 35 alloy.
The fracture surface of the Ti 65 Fe 35 hypereutectic alloy at high magnification [see Fig. 4(c) ] exhibits irregular fracture surface similar to that of fatigue failure of Tibased alloys and high-strength steels. 23 At the same time, the points of drop of stress in Fig. 3 indicate crack initiation and their blockage at the ␤-Ti/(primary TiFe) interface. Thus, Ti 65 Fe 35 alloy indicates a good resistance to crack propagation. The location of the cracks propagation planes [see Figs. 4(a) and 4(b) ] indicate that the vector normal to the compressive fracture surface is inclined at an angle of about 90°to the load direction, which indicates that the fracture occurs along the plane of the maximum normal stress. Figure 6 indicates that the micro-cracks and deformation bands change their direction by about 45°or block at the ␤-Ti/(primary TiFe) interface (see arrows marked with B and D). The propagation of large cracks is The experimental error of the measurement is estimated at ±0.3 at.% using a reference sample.
blocked (marked as B in Fig. 6 ) by primary TiFe dendrites having higher hardness compared to ␤-Ti. The structure of the hypereutectic Ti 65 Fe 35 alloy shows a high resistance to crack propagation and exhibits self-stabilization under deformation. In addition one should also mention that fine eutectic TiFe crystals are cut by the micro-cracks. This result is in a good agreement with the mechanical test data (Fig. 3 Surprisingly, the lattice parameter of ␤-Ti in hypoeutectic Ti 75 Fe 25 alloy a ‫ס‬ 0.3139 nm is somewhat smaller than that of the eutectic and hypereutectic alloys, indicating violation of the Vegard's law (Fig. 2) , whereas Fe content in ␤-Ti solid solution determined by EDX analysis is about 22 at.%. At the same time, the (110) peak of TiFe phase is not shifted in the hypoeutectic alloy (Fig. 2) , which eliminates possibility of an error. Such a significant violation of the law in the hypoeutectic alloy is not understood especially as the law is almost maintained in the eutectic and hypereutectic alloys.
It is shown that bcc ␤-Ti solid solution is supersaturated. Though the maximum equilibrium solubility of Fe in Ti at the eutectic temperature of 1358 K is 22 at.%, at 863 K it is only 13 at.% 10 and can be extrapolated to lower values. At the same time, by splat cooling of the liquid at the extremely high cooling rate of 10 7 to 10 8 K/s, ␤-Ti solutions up to 35 at.% Fe and TiFe from 35 to 50 at.% Fe were produced. 24 It has been pointed out that the lattice parameters of the ordered Pm3m TiFe and disordered Im3m ␤-Ti phases followed a single linear trend with composition. As there is only about 6% difference in the lattice parameters between ␤-Ti and TiFe phases, for example, in Ti 65 Fe 35 alloy which exhibits the best combination of the mechanical properties, one can expect formation of a semi-coherent interface between these phases leading to lower coherency stresses compared to the equilibrium conditions at which the difference in the lattice parameters is larger due to a lower solute content.
The results of this work indicate that Fe is as a good ␤-Ti stabilizer as Nb. Taking into account the low cost of Fe, the Ti-Fe alloys are very attractive for mass production.
In addition to the low cost of the alloying element Fe, another important feature of this alloy is that it shows excellent mechanical properties (high strength close to that of the bulk glassy alloys 5, 25 and good ductility) in an ingot shape, the dimensions of which (25-40 mm in diameter) are comparable to that of the structural engineering materials. Moreover, the high-strength and ductile Ti-Fe alloys do not require additional mold injection casting procedures.
V. CONCLUSION
The structure, phase composition, mechanical properties, and fractography of hypoeutectic, hypereutectic, and eutectic Ti-Fe alloys produced in the shape arc-melted ingots were studied. The results indicate that Fe is a good ␤-Ti stabilizer. The Ti-Fe alloys having a nonequilibrium phase composition consisting of ordered Pm3m TiFe + disordered Im3m ␤-Ti exhibit high mechanical strength and high Young's modulus of about 2000 MPa and 150 GPa, respectively, and a certain ductility. The high strength and Young's modulus values result from a high Fe content in supersaturated ␤-Ti solid solution (solution hardening) and high hardness of TiFe intermetallic compound having the rounded dendritic morphology. On the other hand, the formation of a disperse eutectic structure consisting of TiFe phase with rounded morphology and ␤-Ti solid solution between primary TiFe rounded dendrites enhanced ductility of hypereutectic Ti 65 primary TiFe dendrites in the eutectic matrix. Hypereutectic Ti 65 Fe 35 alloy, compared to hypoeutectic and eutectic Ti-Fe alloys, shows a strong tendency for strainhardening. In addition to the low cost of the alloying element Fe, Ti-Fe alloys do not require additional mold injection casting procedures. All the above-mentioned qualities make Ti-Fe alloys attractive for structural applications.
